Introduction
It is not only in the field of biosensors, -reactors and biomaterials (e.g. implant materials) that the interface proteinceramic is becoming more and more interesting. Ceramic materials are often used in contact with an organic matrix. Their inert behaviour in an organic environment and mechanical stability, the possibility of producing several shapes and porosities, their "bone-like" composition (hydroxyapatite), and their possibility of sterilisation yield more and more fields of application. Several studies are concerned with the understanding of the process and the influences of protein adsorption in developing new functional materials [5] . The compatibility of implant materials or the reactivity of biosensors, for example, depends on protein conformation of the adsorbed e.g. blood proteins and protein density on a surface. The first step after the contact of the organic matrix with a surface is the process of protein adsorption. This process is driven by three kinds of interactions: electrostatic and hydrophobic attraction and/or repulsive interactions between protein and surface, lateral protein-protein interactions in the adsorption layer, combined with an entropy gain caused by conformational changes in protein during adsorption [11] . These "driving forces" are influenced by the charge and topography of the surface, physicochemical and structural properties of the protein, and the chemical environment. 
ARBEITEN ORIGINAL
Adsorption physiologischer Proteine auf verschiedenen Keramikpartikeln adsorption, the influence of parameters such as chemical environment, surface charge and molecule properties such as flexibility have not been completely clarified. This study is concerned with the systematic comparison of the adsorption properties on ceramic surfaces of three very different proteins (molecule size, flexibility, charge). BSA, fibrinogen and lysozyme are chosen as model proteins to compare the differences in adsorption behaviour during the change of pH, electrolyte concentration, surface, time and the determined strength of the adsorptive bonding. All the adsorption experiments were performed in aqueous solutions and at room temperature. The aim of this study is to examine the general influences on protein adsorption. With this in mind it is therefore not necessary to perform all the experiments under physiological conditions (buffer, 37°C etc.). Further investigations will complete these adsorption studies by the determination of structural changes by spectroscopic methods and calorimetric data of the adsorbed proteins onto the ceramic surfaces. Proteins will be modified to estimate the influence of ionic, polar or hydrophobic interactions by the change of the adsorption profile.
Material and Methods

Chemicals
BSA was purchased from ICN (160069) and was used without any treatment. BSA is an equilateral triangle (8 nm × 3 nm × 3 nm) [14] , flexible [13] protein with 66,4 kDa (MALDI/TOF analysis) and its isoelectric point (IEP) at 4.9 [8] . BSA consists of 100 acidic and 100 basic amino acids [14] . Fibrinogen (F-8630, Fraction I 88% clottable protein), obtained from Sigma, has an characteristic trinodular structure with an approximate molecular dimension of 6 nm × 6 nm × 45 nm and a molecular weight of 350 kDa [10, 11, 12] . Its IEP is 5,5. Lysozyme from hen egg white (62971), obtained from Fluka, is the smallest protein (14,3 kDa/ MALDI/TOF analysis) with a high structural stability and an IEP about 11 [1] .The rigidity of the single-chained lysozyme molecule is imposed by four disulfide bonds [4] . All proteins are used with any purification. The ceramic powder AKP50 is an alumina, which was purchased from Sumitomo (Japan) with a size fraction of 0,1µm -0,3µm, a specific area of 6,9 m 2* g -1 (BET analysis). Additionally AKP50 is subjected a surface treatment. According to Bergström et al. [2] it is possible to change surface properties of ceramics by using milling additions like ethylene glycol (AKP50eg) and isopropanol (AKP50ip) and a following heat treatment. This treatment reduces the surface of AKP50eg to 3,2 m 
Experimental
Adsorption experiments
In order to determine the adsorbed amount of protein, the same amount of sorbent material (1.35g/ 5,5 mL) was stirred with a defined concentrated protein solution for 15 minutes in a 10-ml centrifuge glass tube. After this equilibration time the suspension was centrifuged (20 min, 4400 rpm), and the protein concentration in the supernatant was determined spectrophotometrically with an UVIKON XL spectrometer at 279 nm. The calculated difference to the weight-in quantity is taken as the adsorbed amount. The measurement was always tempered at 25°C. The amount of protein adsorbed at the centrifuge tube is determined by treating a pure protein solution in the same way and measuring the adsorbed amount. This must be taken into account when calculating the total of adsorbed protein. To determine the time required for the adsorption process, the time of stirring was varied from 0 min, 5 min, 10 min, 15 min, 30 min, 60 min, 90 min, 120 min and 150 min before centrifugation. To get the adsorption isotherms for the different ceramic surfaces the protein concentration is individually increased from 0,9 to 45 mg*mL -1 . To deploy an adsorption isotherm all experiment data were performed as duplicates and repeated at least three times.
pH profiles
The pH-adsorption profiles were performed in a phosphate buffer (Theorell-Stenhagen), except that of fibrinogen. Because of its solubility fibrinogen is dissolved in 0.9% sodium chloride solution, which is adjusted to the respective pH by the addition of hydrochloric acid (HCl) or potassium hydroxide solution (KOH). The pH of the buffered suspensions was also controlled and corrected by the addition of hydrochloric acid (HCl) or potassium hydroxide solution (KOH). The pH-profiles were performed in a pH-range from pH 3 to pH 12. In all cases the pH was controlled before centrifugation and after spectrophotometrical measurement. All determinations were conducted as duplicates at least 3 times.
Electrolyte
To observe the adsorption process under different conditions of ionic strength, the proteins were dissolved in sodium chloride solutions of different concentrations (0,1M; 0,16M; 1M; 2M). The adsorption and detection procedure is the same as described above. This experiment were performed with the three proteins on the five different ceramic particles (AKP50, AKP50eg, AKP50ip, HAP, HP) and repeated at least three times.
Strength of bonding
The relative strength of the adsorptive bonding is defined by the desorbed amount of washed protein in three consecutive washing steps. If a high amount of adsorbed protein is washed from the surface, there is consequentially a weaker adsorptive bonding between protein and the surface than for a protein-ceramic system with a lower washed amount. After adsorbing the protein on the ceramic surfaces, the supernatant is decanted and measured. The sediment is covered with the same volume of new solvent and stirred again for 15 minutes. The washed adsorbed protein is determined spectrophotometrically after every washing step. This washing step is repeated twice. All experiments were performed as duplicates and repeated at least four times with a maximal spread of ± 2% for BSA values, ± 0,5% for FBG values, ± 7% for LZM values.
Characterisation of ceramic surface
The surface charge of the ceramic powder in water is determined by measuring the zetapotential with a Malvern Zetasizer 3000 HS A (Malvern instruments, UK). 20 mg powder is suspended in 120 mL 0,1 mol/L potassium chloride and titrated with 0,25 M hydrochloric acid and 0,25 M potassium hydroxide solution in the high screen modus. The zetapotential at a neutral pH (7) (8) for AKP50 is about -10 mV to -20 mV, for AKP50eg at 5 mV, for AKP50ip at 36 mV, at for HAP at 15 mV to 20 mV and for HP -17 mV to -20 mV. The point of zero charge (PZC) is found at ORIGINAL ARBEITEN Adsorption physiologischer Proteine auf verschiedenen Keramikpartikeln 3,66 (HP), at 7,5 (AKP50eg), at 8,8 (AKP50ip) and 7,5 (AKP50). For HAP it was not possible to measure a PZC between pH 2 and 9. The powder is not pH resistant.
Results and Discussion
Protein adsorption is a fast process. According to C. E. Giacomelli et al. [6] the adsorption of BSA on titanium oxid particles ends during the first ten minutes. The adsorption process of BSA and lysozyme on alumina reaches a steady state at about thirteen minutes. In the case of fibrinogen it is already reached after five minutes of stirring. This may be explained by a faster blanketing of the surface by fibrinogen according to its bigger (BSA 5x; LSZ 40x) molecular size and stronger interactions between protein and ceramic surface. Diffusion does not seem to have an important contribution. To get the maximal protein coverage [A eff (nm 2 / molecule)] of several surfaces, the adsorption isotherms were taken in an aqueous suspension. The adsorption isotherms show different adsorption plateaus on the several ceramic surfaces. After reaching the maximal coverage the adsorbed amount of protein decreases somewhat. This could probably be related to the increasing protein-protein interaction by increasing protein concentration in solution or structural rearrangement of the adsorbed proteins. The maximal protein density on the ceramic surface ((max), is taken from the isotherms (Figure 1) [3, 10] ). In this study fibrinogen appears on every surface side-on packed arrangement. Except for the molecular arrangement, the surface -protein interactions also influence the protein covered area on a surface. An AFM study [15] determines different covered areas (A eff ) for fibrinogen depending on surface charge. They found that the spreading of the fibrinogen molecule is stronger on positively charged surfaces than on negatively charged surfaces. Accordingly we found a higher A eff on the positive charged HAP (pH 7; 14mV) than on alumina (pH 7; -6mV). Fibrinogen is covers 133,06 nm 2 of a hydrophobic hexamethyl siloxan surface [5] . This is much less than on the hydrophilic surfaces. In the case of globular proteins the differences between the end-on and side-on packed form aren't significant. However a look at the calculated values reveal a higher probability of lateral arrangement. Giacomelli et al. calculated for BSA on titanium oxid particles at pH 6 an effective area of ca. 60 nm 2 as well as ServagentNoinville et al. [4] also determined 60 nm 2 covered by BSA on montmorillonit, an electronegative phyllosilicat. In agreement to this, we observed an A eff of 50 nm 2 on alumina and 73 nm 2 on hydroxyapatite at pH 6.8. The A eff of BSA, fibrinogen and lysozyme is higher on hydroxyapatite, which could be related to stronger "molecule spreading", unfolding and stronger interactions between surface and protein respectively. For lysozyme the Aeff on alumina is smaller than Atheor. This points to the formation of multilayers on the alumina surface. Fibrinogen shows only small differences between the Aeff on alumina and hydroxyapatite. The charge differences between those powders are not very distinctive here.
Electrolyte
The addition of electrolyte (NaCl) causes the reduction of lateral protein-protein interactions [9] . Consequently the driving force behind adsorption could be reduced to surface -protein interactions. A big influence of adsorption is expected by increasing electrolyte concentration, provided that electrostatic repulsion controls the adsorption behaviour [9] . As demonstrated in figure 2 , the flexible molecules, like BSA, show less dependency on electrolyte addition [6] . Similar to the studies of Giacomelli [6] , BSA shows no in- 
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Adsorption physiologischer Proteine auf verschiedenen Keramikpartikeln fluence on adsorption behaviour by increasing the electrolyte concentration. The adsorption process is driven foremost by protein -surface interactions, while lateral protein -protein interactions are less important. On the other hand lysozyme behaves like a rigid molecule. The adsorbed amount is decreased rapidly by increasing sodium chloride concentration. Fibrinogen adsorb in higher amounts after the addition of salt. Probably it could be explained by the formation of salt bridges and/or embedded ions in the adsorption layer to reduce electrostatic repulsion between fibrinogen molecules, which results in higher protein density in the adsorption layers (figure 2). This described influence of electrolyte concentration on every single protein is found independent of the offered sorbent surface. Additionally with increasing salt concentration, the effect of surface modification of the alumina surface by ethylene glycol and isopropanol, like the higher adsorbed amount of protein, is abolished (results not shown). The higher the influence of electrolyte the smaller the difference is between the non-derivated and the derivated alumina surface. Those two effects negate each other. The effect of surface modification seems to be related to minimization of electrostatic repulsion between the adsorbed proteins and more lateral protein-protein interactions initiated by the ethylene glycol and isopropanol groups on the surface.
pH dependency
The pH dependency on the adsorption behaviour of the three proteins is observed in the range of pH three to twelve. The experiments are only performed on alumina. Hydroxyapatite is dissolvable in acidic or alkaline solutions. In figure 3 it is obviously shown that the bigger and more flexible proteins, like BSA and fibrinogen, show the highest adsorbed amount at their own isoelectric point (IEP). This coincides with several other studies [9, 6] . Lysozyme's maximum of adsorption is found at a pH of about seven, the IEP of the used alumina surface (AKP 50). The adsorption maximum of flexible proteins is always found at their IEP, independent of the given adsorbents. At the IEP, the lateral protein -protein interactions are dominant in the adsorption process, caused by the reduction of electrostatic repulsion. In the case of rigid proteins, like lysozyme, the effect of lateral protein -protein interactions is not as distinctive. Just as by the addition of smaller amounts of electrolyte, rigid proteins adsorb depending on the properties of the offered surface, whereas flexible proteins anew show their adsorption maximum at their own IEP [9] . In the adsorption process of BSA and fibrinogen ionic polar interactions play an important role. At the maximum of adsorption exists opposed charge conditions between negative charged proteins and positive charged alumina surface: the maximum of electrostatic interaction. Lysozyme seems to be limited in adsorption by surface charge. The positive charged lysozyme adsorbed at the IEP of the surface, the point of charge equilibrium. The influence of entropy gain caused by conformational changes of protein during adsorption isn´t considered in this study but has to be included and will be the aim of future studies. 
Strength of adsorptive bonding
In comparing the strength of adsorptive bonding between the three proteins BSA, FBG and LZM on the five ceramic surfaces, the washed amount of the adsorbed protein is determined in three succeeding washing steps [ figure 4 ]. All washing steps are carried out at approx. pH 7. Lysozyme is the protein with the weakest surface bonding, this means the highest total amount of desorbed protein (summing the washed amounts of every washing step) was observed on every surface. This could be related to the smaller molecule size and contact area to the surface as well as to the rigid structure. BSA shows strong adsorptive bonding and consequently the lowest washed amount of adsorbed protein and fibrinogen at less (mediate) strength of adsorptive bonding. The washed amount of both proteins is in the same dimensions. But in comparing them, it is possible to say that in the case of BSA and fibrinogen the strength of adsorptive bonding does not correlate with the extent of the contact area between protein and surface. The protein with the greatest contact area, fibrinogen, does not have the strongest adsorptive bonding. The protein with the most flexible molecule structure, BSA, adsorbs firmly on every ceramic surface. Due to the flexibility of the molecule, it seems that a structural rearrangement could make individual charge orientation facing to the given surface possible. Consequently higher surface -protein interactions could be responsible for the slightly higher strength of adsorptive bonding. If we compare the adsorption of one protein on several ceramic surfaces, we determine strong adsorption of the flexible, big proteins BSA and FBG on hydroxyapatite HAP (Fluka) and weak adsorptive bonding on hydroxyapatite HP (Osartis). At a pH of 7 BSA and fibrinogen have the same negative charge as the surface of HP. Consequently the electrostatic repulsion is responsible for this weak bonding. The positive charge of HAP at pH 7 supports adsorption of BSA and FBG. The surface modification of the alumina AKP50 effects a higher (except for BSA/AKP50ip) adsorbed amount and stronger adsorptive bonding of BSA and fibrinogen. This is in contrary to the results found by using poly(ethylene glycol) derived coatings by incorporating poly(ethylene glycol) chains into polymeric materials, what is known as an efficient method for achieving biomaterial surfaces with anti-adhesive properties [16] . But you have to separate surface modification based on free moving PEG-whiskers and ethylene glycol as solvent, from "flat" ethylene glycol surface coating. The additional hydroxy groups from the ethylene glycol coating could suggest more hydrogen bonds which provoke molecule spreading and electrostatic interaction.
In the case of lysozyme, the surface modification reduces adsorption. This also acknowledges the reduction of electrostatic repulsion and reinforcement of lateral proteinprotein interactions by these surface modifications.
Summary
The present study provides important information about the understanding of the relationship between physicochemical properties of proteins and their adsorption behaviour on ceramic materials. BSA and fibrinogen show comparable adsorption behaviour and clear differences to the adsorption of lysozyme. The role of molecule flexibility is decisive for the adsorption of proteins on surfaces. The adsorption process of the smaller rigid protein, lysozyme, is driven more by electrostatic repulsion than proteins with greater flexibility. It shows a stronger reaction in the change on surface or environmental charge. The choice of surface properties and chemical environment is more important for controlling the adsorption behaviour of rigid protein than of proteins with less structural stability. In addition the isothermes and washings provide indirect evidence of possible conformational changes with are driven by an entropy gain during adsorption.
Abstract
The interaction of a cell with a surface of an artificial material is always mediated by a protein adsorption layer. The properties of this adsorption layer are responsible for the following biological response to the cultured surface.
The adsorption of the three very different physiological model proteins, bovine serum albumin (BSA), fibrinogen (FBG) and lysozyme (LSZ), onto ceramic particles (Al 2 O 3 ; hydroxyapatite) was studied as a function of pH, electrolyte concentration and time. Their adsorption behaviour on various ceramic surfaces is related to the different molecular and physicochemical properties as well as the influence of surface chemistry and charge. The more flexible and bigger proteins BSA and fibrinogen show their maximal adsorption at their own isoelectric point (IEP) irrespective of the ceramic surface. The smaller rigid protein lysozyme is driven primary by surface-protein interaction and has its maximum of adsorption at the IEP of the ceramic material. The addition of non-buffering electrolyte results in a reduction of the adsorbed amount of lysozyme caused by the reduction of lateral protein-protein interactions irrespective of the available surface. BSA shows almost no dependence on electrolyte concentration whereas fibrinogen increases its adsorbed amount presumably caused by additional salt bridges or charge compensation in adsorption layer by increasing salt concentration. The strength of adsorptive bonding is, as expected from structural rigidity and molecular size, the smallest for lysozyme irrespective of the ceramic surface. Whereas the smaller but more flexible BSA adsorbs more firmly, than the bigger fibrinogen.
Future Prospects
Further investigations will complete these adsorption studies by the determination of structural changes by spectroscopic methods and calorimetric data of the adsorbed proteins onto the ceramic surfaces. Proteins will be modified to estimate the influence of ionic, polar or hydrophobic interactions by the change of the adsorption profile.
